organised collagen fibrils, surrounded by a proteoglycan rich extrafibrillar environment which together regulates the hydration and structural properties. In the ocular system the cornea is responsible for approximately two-thirds of the ocular refractive power [1, 2] .
Corneal ectasia refers to a group of eye disorders caused by thinning and deformation of corneal tissue, thus leading to ametropia. Among them keratoconus is the most common form of ectasia. It is a progressive disorder characterized by a conical shape of the cornea due to progressive thinning and protrusion associated with reduced biomechanical strength [3] . Despite extensive efforts to understand the causes of keratoconus, there is no molecular information about the etiology and pathogenesis of the disease. However biochemical [4] and biomechanical changes [5] of the cornea are very likely to have an influence on the development of the disease.
CXL with riboflavin and UVA-light is a therapy that exploits the photochemical reaction of a photosensitizer (riboflavin, vitamin B 2 ) and UVA light to restore lost biomechanical rigidity. The treatment method was first introduced in 1997 by Spörl et al. [6] and is currently the only way to stop the progression of keratoconus, thus eliminating the need for a cornea transplantation. So far, there is insufficient understanding in the literature about the exact biochemical processes that lead to cross-linking and which components of the cornea interact with each other exactly. General consensus exists regarding the involvement of excited riboflavin triplets, reactive oxygen species and the oxidation of protein side chains, which leads to new additional covalent bonds in the collagen [7] [8] [9] .
FT-IR spectroscopy is a nondestructive, lable free molecular spectroscopic technique and requires minimal sample preparation. FT-IR spectroscopy is a nondestructive, lable free molecular spectroscopic technique and requires minimal sample preparation. It has successfully been used in a wide field of medical and biological applications in the past. The spectra provide information about smallest changes in chemical composition of the sample including functional groups, bonding types and molecular conformations. Among the different IR-sampling methods ATR allows the in-situ Abstract: Corneal collagen cross-linking (CXL) with riboflavin and UVA light is a therapeutic procedure to restore the mechanical stability of corneal tissue. The treatment method applies to pathological tissue changes, such as keratoconus. It induces the photochemical formation of new collagen cross-links. Although therapeutic effects are indisputable, the exact molecular process of CXL and how cross-links are formed is still unclear. In this work, Fouriertransform infrared (FT-IR) spectroscopy is used to investigate the cross-linking process. For that purpose, in-situ experiments with porcine corneas are carried out using attenuated total reflection (ATR) spectroscopy. Furthermore, IR micro-spectroscopic imaging in transmission mode is used to investigate thin tissue sections of the cornea and initial approaches for the distinction of cross-linked and untreated tissue by IR microspectroscopic imaging were performed. Multivariate methods are applied to access changes that occur as a result of CXL. It is shown that spectral changes after cross-linking are caused predominantly by an increase of methyl-and methylene groups as well as primary and secondary amines. In addition, a decrease of carbonyl groups could be observed.
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Background
The cornea is the transparent anterior part of the eye. In humans, the corneal thickness is around 0.5-0.6 mm and it acts as the primary infectious and structural barrier of the visual system. The Cornea is mainly comprised of highly measurement of the cross-linking effect. In this report, we present a novel approach to study the changes induced by CXL using ATR spectroscopy and FT-IR microspectroscopic imaging.
Material and methods

Sample Material
Porcine eyes were used to obtain the corneal tissue for the present work. These were provided by the Department of Ophthalmology of the University Hospital Carl Gustav Carus of the TU Dresden and originate from a local slaughterhouse. The age of the animals was approximately 6 months at the time of slaughter. After enucleation eyes were transported safely in a refrigerated container and used for experiments on the same day. Porcine eyes share many similarities with human eyes including biochemical composition and are therefore an appropriate substitute for ophthalmologic research.
ATR in-situ Measurements
For the in-situ ATR experiments cornea flaps (140 μm thickness) were prepaired. The flaps were made using a microkeratome. The porcine eyes were mechanically freed from surrounding ocular tissue and from the epithelial layer, to allow diffusion of riboflavin solution into the stroma. Cornea flaps are a suitable sample material for measurements in ATR mode, as they can be used without additional contamination by other chemicals.
To monitor the CXL process, measurements took place in the IMAC chamber of the Bruker Hyperion 3000 system coupled with the IR spectrometer Tensor 27, a single-channel MCT detector and the flaps were placed on a zinc selenide ATR crystal. The flaps were incubated in the 0.2% hypoosmolar Riboflavin solution for 10 min prior to data acquisition. For the in-situ experiment a single flap was mounted on the ATR crystal and covered with a microscopic slide using the home made bridge for fixation ( Figure 1A ). The bridge should ensure an uniform pressure on the sample. Subsequently, the light source UV-X (370 nm; Peschke, Nuremberg) was placed above the sample approximately at an angle of 45° ( Figure 1B) . The irradiation was performed with an intensity of 9 mWcm -2 for a period of 30 min. During the irradiation, 20 spectra were continuously recorded, at a spectral resolution of 6 cm -1 in the range from 550-4000 cm -1 . To increase the signal-to-noise ratio 250 interferograms where averaged, Fourier-transformed and intensities were converted into absorbance units. For the background spectrum the clean zinc selenide ATR crystal exposed to air was used as a reference.
FT-IR-Imaging
The Epithelial layer of the eyes was removed without damaging the underlying tissue and incubated for 20 min in Riboflavin solution. The eyes were irradiated immediately afterwards with the UV-X system (10 min, 370 nm, 9 mWcm -2
). The samples were covered by aluminium foil on one side to create a control area within the cornea, which was not cross-linked. In a further step, the cornea was excised, as well as deep freezed in embedding Medium over dry ice. Thin sections were prepared using standard cryomicrotome technique. FT-IR spectroscopic images were collected with a 64 x 64 mercury cadmium telluride focal plane array detector with a sample area of 175 µm 2 . 20 interferograms were coadded for each of the image pixels at a resolution of 6 cm -1 . 
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As background spectrum a clean spot on the calcium fluoride microscopic slide was used after each data set. Spectra were acquired in the transmission mode in the spectral range of 950-3850 cm -1 . Data processing was carried out using MatLab 2015b (MathWorks Inc. Natick, MA).
Results and discussion
The representation of the ATR experiments as difference spectra show changes of the complex sample matrix during irradiation. Consecutive difference spectra are shown as time series (Figure 2 Figure 3 . The microscopic image of the tissue reveals a very heterogeneous structure, including denaturing effects and other inhomogeneities resulting from the complex sample matrix. However it was possible to identify a significant difference between cross-linked and not cross-linked areas in the tissue, which correlates with the expected depth of crosslinking in porcine cornea [10] . This area is highlighted by the red circle in the score map of the PC3 in Figure 2 
Conclusion
The presented data provides initial indications of the nature of changes induced by the crosslinking process. It was shown that spectral changes after cross-linking are caused by an increase of primary and secondary amines as well as methylene and methyl groups. In addition, a decrease of carbonyl groups could be observed. Using the thin-slice samples, it was also possible to derive an intrinsic reference and thus highlight the spectroscopic differentiation between cross-linked and untreated tissue. The experiments indicate that reactions between protein side chains of the collagen molecules are responsible for the biomechanical properties of the cornea after the cross-linking treatment. This is due to the fact that the observed changes in the fingerprint region can hardly be explained by a single chemical reaction. It is more probable that CXL is characterized by different simultaneous reactions. 
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